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GAS-SHIELD ELECTRON-BEAM GUN FOR
THIN-FILM CURING APPLICATION

This 1s a patent application claiming priority under 35
U.S.C. § 119(e) to U.S. provisional application No. 60/472,

233, filed on May 21, 2003, the disclosure of which 1is
incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to an electron-
beam gun and more particularly to a gas-shield electron-
beam gun for thin-film curing application.

2. Description of the Related Art

For the purpose of increasing the strength and stability of
thin films used 1n semiconductor production, such as 1nsu-
lation film, low-dielectric-constant film and resist film,
methods of 1rradiating an electron beam or ultraviolet light
onto the film for the purpose of curing are being studied. In
particular, irradiation of an electron beam 1s effective in
improving the properties of low-dielectric-constant film.
Two methods, each using a different source, are available for
that purpose. One 1s to use a filament electron-beam gun that
heats up a metal and accelerates the generated thermoelec-
frons using a negative-potential electrode, while the other
employs a plasma electron-beam gun that uses plasma
clectrons.

With a filament electron-beam gun, tungsten or other
metal offering high heat resistance 1s used as a filament, and
this filament 1s heated to a high temperature through resis-
tance heating. In this case, if a reactive gas (such as gaseous
oxygen atoms) exists in the space around the filament, the
metal of the filament reacts with the gas and deteriorates.
The gaseous molecules near the filament are also 1onized as
they collide with the accelerated electrons. The 1onized
molecules are then accelerated toward the filament due to
the electric field created for acceleration of the electrons, and
as a result these molecules collide with the filament. The
phenomenon of 10n collision further accelerates the deterio-
ration of the filament. A deteriorated-filament part 1s con-
sumed faster, so filament replacement 1s required more
frequently. Moreover, the continuous operation cycle of
clectron 1rradiation treatment becomes shorter, which
decreases the productivity of curing. The deteriorated-fila-
ment part also causes contamination due to the scattering of
metal, which 1s a serious problem affecting the reliability of
semiconductors. In particular, insulation film and low-di-
clectric-constant film contain large amounts of oxygen,
ranging from about 10% to about 70%. Therefore, electron
irradiation onto such films causes the oxygen 1n the film to
be outgassed, which can cause severe damage to the elec-
tron-beam gun.

To protect the filament part from reactive gases, methods
are proposed 1in which a thin film made of S1 or other metal
1s used to shield an electron-beam gun chamber containing
a filament and an acceleration electrode from a chamber
containing a target in order to 1solate the outgases generated
in the target chamber. For example, U.S. Pat. Nos. 5,414,267
and 6,239,543 present vacuum-tube type electron-beam
ouns, each with a window through which to irradiate the
electron beam. This window consists of a thin film made of
S1 or other metal, which 1solates the filament from outgases.
In a tube-type electron-beam gun configuration, multiple
ouns are provided to cover a wide area.

A non-tube apparatus using an electron-beam source with
a large area 1s presented 1in U.S. Pat. No. 5,003,178. This
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apparatus 1s of a plasma electron-beam gun type, not a
filament electron-beam gun type. Since 1n such a apparatus
in which a large-area electron-beam source 1s used it 1s
difficult to provide a large vacuum window while maintain-
ing a high degree of vacuum, the patented apparatus uses a
orid-shaped anode between the cathode and the target 1n the
respective vacuum chambers, wherein the distance between
the cathode and the anode 1s adjusted to less than the average
free path of electrons, in order to maintain ion plasma while
preventing the electrons from reaching the target. However,
this configuration i1s applicable to a plasma electron-beam
oun, but not a filament electron-beam gun that must have the
clectrons reach the target in order to generate energy.

SUMMARY OF THE INVENTION

The present invention relates to an apparatus using a

plasma electron-beam gun and resolves at least one of the
problems i1n the conventional apparatuses.

In the aforementioned apparatuses disclosed mn U.S. Pat.
Nos. 5,414,267 and 6,239,543, the use of a thin S1 film as a
protective 1solation wall causes the problem of electrons
being absorbed as they are transmitted through the metal
f1lm, which results 1in the diminished quantities of electrons.
If the accelerating voltage 1s increased, electron transmit-
tance decreases exponentially. Also, raising the irradiation
dosage causes the shield film to generate heat. The shield
film can be thickened to prevent damage due to heat gen-
eration, but a thicker film further increases electron loss.

To 1rradiate electrons onto a thin film used 1n semicon-
ductor production, it 1s necessary to control the accelerating
voltage so as to reduce the electron energy and thereby
prevent the electrons from reaching the transistor part
formed near the substrate. Therefore, it 1s desirable that the
clectron energy be reduced as much as possible. When
irradiating onto a low-dielectric-constant film with low
density, the process requires low-energy 1irradiation of
approximately 20 keV or less. If a shield film 1s used,
significant electron loss prevents the transmission of a
suilicient dosage necessary to achieve the required produc-
f1vity.

In an embodiment, the present invention provides an
electron-beam irradiation apparatus comprising: (1) a fila-
ment serving as an electron source for generating thermo-
electrons by heating; (ii) an anode for applying an electric
field to the generated thermoelectrons between the anode
and the filament to accelerate the electrons; (ii1) an evacu-
atable filament-electron gun chamber housing the filament
and the anode, said filament-electron gun chamber having an
inactive-gas 1nlet through which an iactive gas flows 1n;
(iv) an evacuatable treatment chamber connected to an
exhaust system, wherein an object-to-be-1rradiated 1s placed
on a support; and (v) a separation wall for separating the
filament-electrode gun chamber and the treatment chamber,
disposed therebetween, said separation wall having an aper-
ture configured to pass electrons and gas therethrough.

In this embodiment, the present invention provides an
clectron-beam treatment apparatus for industrial use that
causes less filament damage and therefore allows continuous
treatment over a long period. This embodiment includes, but
1s not limited to, the following embodiments:

The filament provided 1n the electron-beam gun chamber
may be a single filament.

The filament, the anode, the aperture, and the support may
be coaxially disposed. Further, the anode may be disposed
around the aperture.
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In a preferred embodiment, the aperture has an inner
diameter smaller than an outer diameter of the object-to-be-
irradiated. In another embodiment, the aperture has an 1nner
diameter smaller than an outer diameter of the filament. In
the above, because the aperture 1s disposed coaxially with
the filament and the support, the diameter of the aperture can
be minimized, 1.e., the degree of 1solation of the electron-
beam gun chamber from the treatment chamber can be
maximized without any separation structure. Further, the
inactive gas flow can effectively enhance 1solation of the
clectron-beam gun chamber from the treatment chamber or
the object-to-be-1rradiated. Thus, the filament can effectively
be protected from reactive gas generated from the object-
to-be-1rradiated without a loss of electron beam energy.

In an embodiment, the inlet of the mnactive gas may be
positioned upstream of the filament so that the inactive gas
flows from an upstream side to a downstream side of the
filament, effectively shielding the filament from reactive gas
which could be brought 1n from the treatment chamber.

In an embodiment, the treatment chamber may be com-
prised of a lower chamber and an intermediate chamber,
wherein the exhaust system 1s provided 1n the intermediate
chamber. The inactive gas need not flow 1n the treatment
chamber near the object-to-be-irradiated, but may be used 1n
order to block reactive gas from entering into the electron-
beam gun chamber. Thus, an efficient way to exhaust gases
from the respective chambers 1s connecting the exhaust gas
system to a position close to the aperture. By separating the
treatment chamber 1nto the upper chamber and the lower
chamber, and providing the exhaust gas system 1n the upper
chamber, evacuation of gases can be accomplished efli-
ciently. In an embodiment, another exhaust gas outlet can be
installed in the lower chamber.

Although the apparatus can be used to treat any target
which 1s subjected to electron beam treatment, the object-
to-be-treated may preferably be a thin film used for a
semiconductor for improving the quality of the thin film.

In another aspect, the present invention provides an
electron-beam irradiation apparatus provided with a filament
electron-beam gun, comprising: (i) a vacuum container
which 1s an electron-beam gun container housing the elec-
tron-beam gun and provided with an inactive-gas introduc-
tion system; and (i1) an vacuum container which is a target
container housing a target and provided with an exhaust
system, wherein the electron-beam gun container and the
target container are divided by a wall having an opening
section through which electrons are and gases pass from the
clectron-beam gun container to the target container. As with
the aforesaid embodiments, this embodiment includes, but 1s
not limited to, the following embodiments:

The electron-beam gun may comprise a single filament
and an anode. The filament, the anode, the opening section
and a structure to support the target may be all located along
a single axis. The opening section may be provided along the
coaxial line. An inner diameter of the opening section may
be smaller than an outer diameter of the target. An inner
diameter of the opening section may be smaller than an outer
diameter of the filament. An inlet of the 1nactive-gas intro-
duction system may be positioned upstream of the filament.
The target container may be comprised of a target section
and an intermediate section, and the exhaust system 1s
provided 1n the intermediate section. The target may be a
thin film used for a semiconductor and the apparatus may be
conflgured to improve the properties of the thin film.

In the present invention, any elements used 1n an embodi-
ment can be used in another embodiment, and any combi-
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nation of elements used 1n one or more embodiments can
also be adopted 1n an embodiment, as long as such appli-
cation 1s feasible.

The present invention can also be applied to an electron-
beam 1rradiation method for the rradiation of electrons onto
a thin film on a substrate. In an embodiment, the method
comprises: (a) introducing an inactive gas into a vacuum
container which 1s an electron-beam gun container housing
an electron-beam gun; (b) emitting electrons from the elec-
tron-beam gun; (¢) passing the electrons and the inactive gas
through an opening provided 1n a separation wall dividing
the electron-beam gun container and a vacuum container
which 1s a target container housing a target, in a direction
from the electron-beam gun container to the target container;
and (d) irradiating the target with the electron beam emitted
from the electron-beam gun to achieve a desired treatment,
while discharging from the target container outgases gener-
ated from the target along with the inactive gas via an
exhaust gas system provided downstream of the opening.

In an embodiment, the 1nactive gas may be helium. The
target may be a thin film used in semiconductor production
that contains 5% or more of oxygen based on atomic ratio.
That 1s, the method 1s effective especially when the target
could generate an amount of oxygen significant for inflicting
damages to the filament.

In an embodiment, during the step of irradiation, the
Inactive gas may continuously flow in the electron-beam gun
container and out to the target container through the opening
so that separation of the electron-beam gun container from
the target container can be secured. Preferably, during the
step of 1rradiation, the pressure of the electron-beam gun
container 1s controlled to be higher than the pressure of the
target container.

For purposes of summarizing the invention and the advan-
tages achieved over the related art, certain objects and
advantages of the invention have been described above. Of
course, 1t 1s to be understood that not necessarily all such
objects or advantages may be achieved 1n accordance with
any particular embodiment of the invention. Thus, for
example, those skilled in the art will recognize that the
invention may be embodied or carried out 1n a manner that
achieves or optimizes one advantage or group of advantages
as taught herein without necessarily achieving other objects
or advantages as may be taught or suggested herein.

Further aspects, features and advantages of the present
invention will become apparent from the detailed descrip-
tion of the preferred embodiments which follow.

BRIEF DESCRIPITION OF THE DRAWINGS

These and other features of the present invention will now
be described with reference to the drawing of a preferred
embodiment which 1s intended to illustrate and not to limait
the 1nvention.

The schematic drawing shows the structure of an electron-
beam gun (EB gun) provided by the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

As explained above, 1n an embodiment, the present inven-
fion abandons the conventional method of providing an
1solation film between the electron-beam gun section and the
target as a means of 1solating the electron-beam gun. Instead,
an 1nactive gas 1s introduced 1nto the chamber containing the
clectron-beam gun section, and the inactive gas 1s let flow
into the chamber containing the target through an opening
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provided 1n the electron-beam gun chamber along the elec-
tron-transmission path, so that the flow of 1nactive gas
prevents reactive gas(es) from flowing in from the target
chamber. The target chamber has a vacuum pump for the
discharge of gases. Further, by introducing, for example,
helium which has a small atomic mass number as the
inactive gas, filament damage due to 1on collision can be
reduced.

The schematic drawing shows a non-limiting example of
the present invention. The invention should not be limited to
this drawing and will include any modifications those skilled
in the art may conceive as long as they are within the scope
of claims of the present invention.

In this drawing, the apparatus shown comprises an elec-
tron-beam gun section 1 (vacuum container or evacuatable
electron-beam gun chamber) housing a filament 10 and
equipped with an inactive-gas introduction system 7, a target
section 3 (vacuum container or lower chamber) in which a
target 5 is placed, and an intermediate section 2 (vacuum
container or upper chamber) located between the two sec-
tions and equipped with an exhaust system. In this embodi-
ment, the target section 3 and the intermediate section 2
constitute a vacuum container or evacuatable treatment
chamber. The intermediate section 2 has an exhaust pipe 6
connected to a turbo pump, for example, to discharge
outgases flowing from the target section 3 and the 1nactive
gas entering from the electron-beam gun section 1.

The mtermediate section 2 1s not a required component
but may be provided as an extension of the target section 3.
Preferably, the filament 10 1s not a vacuum-tube type and 1s
exposed within the apparatus. The filament 10 serves as a
cathode and works 1n conjunction with an anode 8 posi-
tioned between the intermediate section 2 and the electron-
beam gun section 1 to generate an electron beam into the
target section 3.

There 1s no specified shape required for the filament 10,
so 1t may be of a helical, coil, bar or other shape. The
filament may be made of tungsten or another metal such as
molybdenum or tantalum which has a high melting point.
The surface area of the filament may be about 0.1 ¢cm? to
about 20 cm” (including 0.5 cm>, 1 cm~, 5 cm?, 10 cm~, 15
cm?, and ranges between any two numbers of the foregoing).
The anode 8 can also have any shape, such as ring, slit or
orid, or it may be porous. (The anode in the FIGURE has a
ring shape.) The distance between the filament 10 and the
anode 8 may be about 2 mm to about 50 mm (including 5
mm, 10 mm, 20 mm, 30 mm, 40 mm, and ranges between
any two numbers of the foregoing). The anode need not be
positioned between the electron-beam gun section 1 and the
intermediate section 2; it may be provided inside the elec-
fron-beam gun section 1 without being exposed to the
intermediate section.

Inactive gas 1s introduced into the electron-beam gun
section 1 through the 1nactive-gas introduction tube 7. The
gas generates a positive pressure 1n the electron-beam gun
section 1 relative to the intermediate section 2, thereby
preventing outgases oxygen, carbon and/or hydrogen from
flowing into the electron-beam gun section 1 from the target
section 3 and thus protecting the filament against damage
due to outgases. The amount of 1nactive gas to be introduced
varies 1n accordance with the capacity and 1rradiation energy
of the electron-beam gun section, type of target, and so on.
In an embodiment, about 1 sccm to about 50 sccm of
inactive gas (including 5 sccm, 10 sccm, 20 sccm, 30 scem,
40 sccm, and ranges between any two numbers of the
foregoing) is used, and the internal pressure of the electron-
beam gun section is about 5x107° Torr to about 5x10~> Torr
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(including 5x10™> Torr, 5x10~* Torr, and ranges between
any two numbers of the foregoing). Helium is desirable as
an 1nactive gas, given that 1t has a small atomic mass
number. However, nitrogen, argon and other gases can also
be used.

There 1s no specific position required for installation of
the inactive-gas introduction tube 7, but the inactive gas may
preferably flow 1n one direction from the electron-beam gun
section 1 to the intermediate section 2. As shown in the
drawing, 1n an embodiment the 1nactive gas may be caused
to flow from the filament directly toward an opening section
9 (aperture) in the intermediate section to protect the fila-
ment. In the drawing, the inactive gas flows around the
filament and then travels toward the opening section.

The opening section 9 between the electron-beam gun
section 1 and the intermediate section 2 allows the 1nactive
cgas to flow into the intermediate section 2. While the
clectron beam can pass through an insulating material, 1t
loses energy 1n the process. By providing the opening
section 9, energy loss can be prevented and efficient irra-
diation treatment achieved. Although the opening section
can be made 1n any position, 1t 1s desirable that 1t be located
along the same axis as the filament (and also the target §).
Providing the anode around the opening section can facili-
tate efficient generation of the electron beam. The cross-
sectional area of the opening section may be about 0.5 cm*
to about 400 cm* (including 1 cm®, 10 cm?, 50 cm?, 100
cm”, 200 cm®, 300 cm®, and ranges between any two
numbers of the foregoing). There is no specific shape
required to be applied and the opening section may have a
circular, square, slit or other shape, or 1t may be porous.

In an embodiment, a voltage of about 0.1 kV to about 20
kV (including 0.5 kV, 1 kV, 5 kV, 10 kV, 15 kV, and ranges

between any two numbers of the foregoing) may be applied
between the filament 10 and the anode 8 in order to
accelerate the electrons. Unlike an 1solation-type electron-
beam gun, there i1s substantially no energy loss and low-
voltage 1rradiation treatment 1s possible.

The exhaust system 6 connected to the intermediate
section 2 can reduce the pressure within the target section 3
to about 2x107° Torr to about 2x10~> Torr (including 2x107>
Torr, 2x10~> Torr, and ranges between any two numbers of
the foregoing) and discharge the inactive gas that had
entered from the electron-beam gun section 1. The exhaust
system 6 may be provided in the target section 3 instead of
the intermediate section 2.

The target section 3 has the target 5§ placed on a support
4. The support 4 has a heating means (any suitable heating
method can be applied) and allows temperatures in the
section to be adjusted 1n the range from room temperature to
about 450° C. (including 50° C., 100° C., 200° C., 300° C.,
400° C., and ranges between any two numbers of the
foregoing). The target section 3 in this embodiment is
designed for the treatment of a single target, but the chamber
may be configured to allow several targets to be treated at a
time. However, a single-target structure 1s desirable 1n this
conflguration, since there 1s only one filament.

The target 5 may be a CVD low-dielectric-constant film,
SOG film, resist or other thin film formed on a semicon-

ductor substrate, etc. Various CVD low-dielectric-constant
films are defined in U.S. Pat. Nos. 6,455,445, 6,352,945,

6,383,955, 6,410,463, 6,432,846, 6,514,880, and others. The
disclosure of the above 1s incorporated herein by reference.

These thin films can harden and improve their properties
when 1rradiated by an electron beam. However, the films
generate oxygen, carbon and/or hydrogen gases during the
hardening process, and these gases can damage the filament




US 7,012,268 B2

7

by triggering 1on bombardment. In an embodiment, the
present mvention 1s particularly effective on thin films used
in semiconductor production that contain five percent or
more of oxygen based on atomic ratio.

In an embodiment, the distance between the target 5 and
the anode 8 1s about 15 c¢cm to about 150 cm (including 30
cm, 50 cm, 100 cm, and ranges between any two numbers
of the foregoing).

EFFECTS OF THE INVENTION

In an embodiment, the present invention addresses the
difficulties associated with the traditional industrial applica-
tions of electron-beam irradiation treatment on low-dielec-
tric-constant films that are low 1 density, high 1n electron
transmissivity and high 1n oxygen atom content. An embodi-
ment of the present invention provides an electron-beam
freatment apparatus for industrial use that causes less fila-
ment damage and therefore allows continuous treatment
over a long period.

An embodiment of the present invention 1s useful not only
in the improvement of properties (mechanical strength, etc.)
of low-dielectric-constant films formed by CVD, but also in
the improvement of SOG {ilm properties 1n the same manner
as described above. It can also be used 1n the curing of thin
f1lms such as resist.

Since electron beam has a high energy-conversion ratio,
the properties of low-dielectric-constant film, such as
mechanical strength, can be improved more rapidly (within
several seconds to several minutes) compared with the use
of thermal curing. The apparatus provided by an embodi-
ment of the present invention adds to efficiency, since it can
treat films with a smaller amount of energy. In an embodi-
ment, the apparatus can also operate continuously over a
long period, which substantially increases the treatment
capability.

It will be understood by those of skill in the art that
numerous and various modifications can be made without
departing from the spirit of the present invention. Therefore,
it should be clearly understood that the forms of the present
invention are 1llustrative only and are not intended to limat
the scope of the present invention.

What 1s claimed 1s:

1. An electron-beam 1rradiation apparatus comprising:

a filament serving as an electron source for generating
thermoelectrons by heating;

an anode for applying an electric field to the generated
thermoelectrons between the anode and the filament to
accelerate the electrons;

an evacuatable filament-electron gun chamber housing
the filament and the anode, said filament-electron gun
chamber having an mnactive-gas inlet through which an
inactive gas flows in;

an evacuatable treatment chamber connected to an
ecxhaust system, wherein an object-to-be-1rradiated 1s
placed on a support; and
a separation wall for separating the filament-electrode gun
chamber and the treatment chamber, disposed therebe-
tween, said separation wall having an aperture config-
ured to pass electrons and gas therethrough.
2. The apparatus as claimed in claim 1, wherein the
filament provided in the electron-beam gun chamber 1s a

single filament.

3. The apparatus as claimed in claim 1, wherein the
filament, the anode, the aperture, and the support are coaxi-
ally disposed.

4. The apparatus as claimed 1n claim 1, wherein the anode
1s disposed around the aperture.
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5. The apparatus as claimed m claim 1, wherein the
aperture has an inner diameter smaller than an outer diam-
eter of the object-to-be-1rradiated.

6. The apparatus as claimed in claim 1, wheremn the
aperture has an inner diameter smaller than an outer diam-
cter of the filament.

7. The apparatus as claimed 1n claim 1, wherein the inlet
of the 1nactive gas 1s positioned upstream of the filament.

8. The apparatus as claimed in claim 1, wherein the
treatment chamber 1s comprised of a lower chamber and an
intermediate chamber, wherein the exhaust system 1s pro-
vided 1n the intermediate chamber.

9. The apparatus as claimed 1n claim 1, wheremn the
object-to-be-treated 1s a thin film used for a semiconductor.

10. An electron-beam 1irradiation apparatus provided with
a filament electron-beam gun, comprising:

a vacuum container which 1s an electron-beam gun con-
tainer housing the electron-beam gun and provided
with an 1nactive-gas introduction system; and

a vacuum container which 1s a target container housing a
target and provided with an exhaust system, wherein
the electron-beam gun container and the target con-
tamner are divided by a wall having an opening section
through which electrons are transmitted and gases pass
from the electron-beam gun container to the target

container.

11. The apparatus as claimed 1n claim 10, wherein the
clectron-beam gun comprises a single filament and an
anode.

12. The apparatus as claimed in claim 11, wherein the
filament, the anode, the opening section and a structure to
support the target are all located along a single axis.

13. The apparatus as claimed 1n claim 12, wherein the
opening section 1s provided along the coaxial line.

14. The apparatus as claimed in claim 11, wherein an
inner diameter of the opening section 1s smaller than an outer
diameter of the target.

15. The apparatus as claimed in claim 11, wherein an
inner diameter of the opening section 1s smaller than an outer
diameter of the filament.

16. The apparatus as claiamed 1n claim 11, wherein an inlet
of the 1nactive-gas introduction system 1s positioned
upstream of the filament.

17. The apparatus as claimed 1n claim 10, wherein the
target container 1s comprised of a target section and an
intermediate section, and the exhaust system 1s provided 1n
the 1ntermediate section.

18. The apparatus as claimed 1n claim 10, wherein the
target 1s a thin film used for a semiconductor and the

apparatus 1s configured to improve the properties of the thin
f1lm.

19. An electron-beam irradiation method for the irradia-
tion of electrons onto a thin film on a substrate, comprising

introducing an 1nactive gas into a vacuum container which
1s an electron-beam gun container housing an electron-
beam gun;

emitting electrons from the electron-beam gun;

passing the electrons and the 1nactive gas through an
opening provided 1n a separation wall dividing the
clectron-beam gun container and a vacuum container
which 1s a target contamner housing a target, in a
direction from the electron-beam gun container to the
target container; and

irradiating the target with the electron beam emitted from
the electron-beam gun to achieve a desired treatment,
while discharging from the target container outgases
generated from the target along with the inactive gas
via an exhaust gas system provided downstream of the
opening.
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20. The method as claimed i1n claim 19, wherein the
inactive gas 1s helium.

21. The method as claimed 1n claim 19, wherein the target
1s a thin film used 1n semiconductor production that contains

5% or more O:

[ oxygen based on atomic ratio.

22. The me!

hod as claimed 1n claim 19, wherein during

the step of 1rradiation, the inactive gas continuously flows in

10

the electron-beam gun container and out to the target con-
tainer through the opening.

23. The method as claimed 1n claim 19, wherein during
the step of 1rradiation, the pressure of the electron-beam gun
container 1s controlled to be higher than the pressure of the
target container.
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